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Abstract 
We have developed a method to design and calibrate the high-precision variable polarization light source (VPOLS) 
with an accuracy better than 0.0013. According to the design model, a novel technique for the calibration of the 
VPOLS based on the autocollimator and the optical auxiliary apparatus was presented and discussed; moreover, the 
degree of linear polarization (DOLP) comparison tests of the VPOLS compared with Spectro-polarimetric Analyzer 
(SPOLA) have been carried out. Experimental results show good consistency between the numerical calculated 
DOLP values of the VPOLS and the measured values of the SPOLA. 
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1.  Introduction 
The polarization of light has been applied in nearly all areas of science and technology with several 
tens of thousands of papers detailing various applications [1-2]. In recent years, many elegant techniques 
to realize polarized light emitter have been introduced and others yet to emerge [3]. Generally partially 
polarized light can easily be generated. But partially polarized light used as a polarimetric calibration 
reference for scientific research has not come to our attention. One important reason for this is maybe that 
there is no high-precision variable polarization light source. In the past decades, optical polarization 
detecting technique has been developed continuously in remote sensing, which plays an important role in 
this application area [4]. Polarimetric measurements used in remote sensing of atmospheric compositions 
(e.g. aerosol and cloud) offer several advantages including high measurement precision, resistance to 
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environmental temperature variation and largely uncorrelated information with spectral and intensity 
measurements. However, polarization calibration still remains difficult, thereby restricting the widespread 
of the polarimetric measurements. Bret-Dibat et al. advanced the radiometric model in which partially 
polarized light as a reference light source is needed to determine the polarization parameters of the 
POLDER instrument[5]. To the best of our knowledge, there are no reports on the VPOLS except a 
POXBOX system developed by the PHOtométrie pour le Traitement Opérationnel de Normalisation 
Satellitaire (PHOTONS) for the polarimetric calibration for the CE318-DP. Unfortunately, the method for 
designing the POXBOX system in order to guarantee the polarization accuracy of transmitted light is not 
discussed.  
In this paper, we present a method for designing the variable polarization light source (VPOLS) base 
on the actual VPOLS model. A novel calibration technique based on the autocollimator and optical 
auxiliary apparatus for the control of parameters were carried out. Furthermore, the DOLP comparison 
between numerical calculation and experiment results is presented. 
2.  Model and numerical calculation 
The VPOLS consists of an integrating sphere and a polarizing system  as show in Fig.1(a). The 
polarizing system located in front of the integrating sphere is composed of two parallel K9 glass plates 
which can be orientated around the rotation axes, respectively. The VPOLS enables to have different 
DOLP when the parallel glass plates are orientated. 
   
(a)                                                                                                      (b) 
Fig. 1.   (a) The VPOLS and (b) establishment of local and global coordinates 
The model of actual VPOLS can be described with using local and global coordinates as shown in 
Fig.1(b). A local coordinate system can be established: x axis is the ideal rotation axis of glass plate, y 
axis is the direction of incident ray and z axis is defined by x×y. The direction of real rotation axes is 
defined as x′axis which have the direction cosine（cosα1，cosβ1，cosγ1） in local coordinates. It is 
necessary to establish a new coordinate system: z′axis is defined by x′×y (y is the direction of a fixed 
incident ray) and y′is defined by z′×x′. The new coordinate system can be called global coordinates, 
in which two glass plates of the VPOLS both work. 
When glass plane is orientated around real rotation axis at an angleω , the direction numbers of the 
normal of glass plane surface in global coordinate system can be written:  
 1 2 3 3 2(cos ,cos cos cos sin ,cos cos sin cos )m β ω β β ω ω β ω β= − +r                       (1) 
The direction numbers of incident ray in global coordinate system can be given by 
2 3 3 2 3 1 1 3 1 2 2 1(cos cos cos cos , cos cos cos cos , cos cos cos cos )n α γ α γ α γ α γ α γ α γ= − − −r  (2) 
The angle i between incident ray and the normal of glass plane surface is a function of α1, δ and ω, 
which can be expressed as 
The polarizing The integrating 
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where 2 21 1 1cos 1 cos cosaγ β= ± − −  and 1/ 2δ π β= −  is the angle between the real rotation axis and 
glass plate. 
When glass plane has an orientation accuracy of Δω¹ around real rotation axis, the error of the incident 
angle i can be given by  
 1
1
( , , )( , , ) ii α δ ωα δ ω ωω
∂Δ = ⋅Δ∂
                                        (4) 
Another glass plate can work in a similar way, so the parameters of two glass plates with imperfect 
rotation may be conveniently expressed in terms of the following parameters in Table 1. 
Table 1.  The parameters of two glass plates with imperfect rotation. 
glass plate 1 α1¹ δ¹ ω Δω¹ ±cosγ1¹(α1¹,δ¹,ω) Δi¹(α1¹,δ¹,ω, Δω¹) 
glass plate 2 α1² δ² -ω Δω² ±cosγ1²(α1²,δ²,ω) Δi²(α1²,δ²,ω, Δω²)  
Note: cosγ1¹,²may be positive or negative, which present two directions of x axis in globe coordinates, though they are dependent 
on α1¹,²,δ¹,² and ω. 
From Eq.(3) and Eq.(4), we obtain the normal direction numbers of the planes of incidence of glass 
plate 1 and 2, respectively: 
 1 1 1
2 2 2
q m n
q m n
= ×⎧⎨ = ×⎩
r r r
r r r                                                                   (5) 
Then the angle between two planes of incidence of glass plates is given by  
 1 2
1 2
arccos
q q
q q
ε ⋅=
r r
r r                                                                            (6) 
In polarization remote sensing, the partially polarized radiance can be represented by the first three 
Stokes parameters (I, Q, U). Hence the transmission Mueller matrices of two glass plates are given only 
by 3×3 matrices, which can be written, respectively, as follows: 
     
1 1 1 1 2 2 2 2
// // // //
1 1 1 1 2 2 2 2
// // // //
1 1 2 2
// //
0 0
1 10 ( 2 ) 0 ( 2 )
2 2
0 0 2 0 0 2
I I I I I I I I
M I I I I and N A I I I I A
I I I I
ε ε
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⊥ ⊥ ⊥ ⊥
⊥ ⊥
⎡ ⎤ ⎡ ⎤+ − + −⎢ ⎥ ⎢ ⎥= − + = − + ±⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⋅ ⋅⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
m  (7) 
 
Where A(2ε) is the rotational change of basis matrix for Mueller matrices; I//¹, I⊥¹ are the parallel and 
perpendicular polarized components of glass plate 1 and I//², I⊥²are those of glass plate 2, respectively.   
And the DOLP and DOLP error of the exiting Stokes parameters from the VPOLS can be expressed as  
 2 2 /P Q U I and P P P′ ′ ′ ′ ′= + Δ = −                                              (8) 
Where P is the theoretical value of the DOLP. 
The numerical calculation shows that the parameters α1¹and α1²have not appreciable influence on 
DOLP of the VPOLS, which means that the ideal rotation axis of glass plate, x, can be the projection of 
the real rotation axis, x′, on the surface of glass plate. That is to say the values of α1¹,²are equal to |δ¹,²|, 
respectively. The parameters cosγ1¹,cosγ1²orε can be positive or negative values manually in numerical 
simulation, yet both have the same influence on DOLP of the VPOLS. The parameters Δω¹,² and δ¹,² 
play the important role in determining the accuracy of DOLP of the VPOLS, which is the worst when δ¹, 
δ² have opposite signs and Δω¹,Δω² are negative mainly due to reduction in two incident angles between 
the incident ray and the normal of two glass plates.  
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We assume the worst parameters in the following numerical simulation on the design of the high-
precision VPOLS. The selected parameters are λ=490nm, n=1.52167 (K9 glass), Δω¹=Δω²=-5′, δ¹=-δ²  
=0.5°, 1°and 1.5°, separately. The numerical result show that the accuracy of DOLP is decreasing when ω 
varies from 0° to 65° or δ¹change from 0.5° to 1°, to 1.5°. It demonstrates that if the special calibration is 
performed, we may acquire very high accuracy of DOLP approaching zero when ω=0°, whereas it is the 
worst state when ω=65°. So we can design and analyze the accuracy of the VPOLS in the condition 
ω=65° by selecting the parameters, which are presented in Table 2. 
Table 2. The DOLP accuracy of the VPOLS.  
|Δω¹,²| 2' (0.0333°) 3' (0.050°) 4' (0.067°) 5' (0.083°) 
|δ¹,²| 1.1° 1.2° 1.3o 0.7° 0.8° 0.9° 0.09o 0.1° 0.2° 0 0.1° 0.2° 
ΔP(%) 0.099 0.108 0.117 0.096 0.102 0.108 0.102 0.102 0.103 0.127 0.127 0.128
From Table 2, we note that the design of the VPOLS is promising if the orientation accuracy of glass 
plates, Δω¹,², improves. The accuracy of our present orientation mechanism is 5', and we require an 
accurate knowledge of the angle |δ¹,²| between the real rotation axis and glass plates in order to know the 
DOLP accuracy of the VPOLS.  
3. Calibration based on the optical auxiliary apparatus 
The optical auxiliary apparatus (OAA) consists of an optical cube ②, the adjustable three-legged stand 
③ and the precision electric control rotating plate ④, as shown in Fig.2 (a). A collimated light beam ① 
provided by an autocollimator falls on to the surface of the optical cube and is propagated back into the 
autocollimator. This can be easily achieved and we assume here that the normal of the upper surface of 
the optical cube is almost parallel to the axis of the precision electric control rotating plate. 
    
(a)                                                                                                     (b) 
Fig. 2.   (a) Schematic diagram of OAA. and (b) technique for adjusting the VPOLS. 
We put the calibrated OAA and the autocollimator on the side of the VPOLS. The first step is to adjust 
the autocollimator perpendicular to the one side of the optical cube with aluminum reflection film. Then 
the precision electric control rotating plate and the glass plate of the VPOLS could rotate around their 
axes, respectively, so that the collimated light beam provided by an autocollimator is propagated back 
into the autocollimator by means of two reflections of the side surface of the optical cube and a normal 
incidence of the glass plate, as shown in Fig. 2 (b).  
The calibration tests for Determination of |δ¹,²| based on the autocollimator and OAA were carried 
out. The maximum deviation angle of the reflected image is within 0.05°at the 30°rotation angle of 
② 
③ 
④
① 
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glass plate, that is to say,|δ¹,²|≈0.2°according to the simulation analysis. Hence the maximum error of 
DOLP of the VPOLS can be given for the four wavelengths in Table 3, with a 5′ accuracy of our present 
orientation mechanism.  
Table 3.  The maximum error of DOLP in the condition ω=65°. 
Wavelength (nm) 490 555 665 865 
Index of refraction (K9 GLASS) 1.52167 1.51785 1.51363 1.50915 
Accuracy of DOLP  0.001284 0.001280 0.001276 0.001272 
4.  Experiments and discusssion  
In order to verify the designing feasibility of the proposed VPOLS, a Spectro-polarimetric Analyzer 
(SPOLA) is also setup to measure the DOLP for the 553nm spectral band generated by the VPOLS, as 
shown in Fig. 3 (a). In this experiment, measurements were performed for different DOLP by orientating 
two glass plates around their rotation axes, respectively. The step angles is 5°. The experiment results are 
given in Fig. 3 (b). 
               
(a)                                                                                                  (b) 
Fig. 3. (a) The DOLP comparison tests of the VPOLS and the SPOLA. and (b) DOLP comparison results and ΔP shows the DOLP 
residual between them. 
As Fig.3 illustrates, the DOLP comparison tests of the VPOLS compared with the SPOLA show good 
agreement. The DOLP error comparison shows that the residual error between the numerical calculated 
values of the VPOLS and the measured values of the SPOLA is from −0.000710 to 0.001352 for the 
553nm spectral band. The test results were satisfying. 
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